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(57) Abstract: It is possible to reduce the time required 

for calculating a force vector by using a force vector re-

construction method using an optical tactile sensor. The 

method includes: a step for imaging behavior of a col-

ored marker when an object is brought into contact with 

a contact surface of an elastic body; a step for acquir-

ing, from the marker image, information on behavior of 

a number of markers greater白anthe number of force 

vectors to be obtained; and a step for inputting the in-

formation on the behavior of the acq凶redmarkers to a 

transmission function and outputting a force vector. The 

force vector is calculated by using only the information 

on the behavior of markers of an area A 1 in the vici凶ザ

of the position P at which the force vector is to be ob-

旬ined.

包 I （ι）.（j.（~謹渥九：？ム I/Al
瓦 I () o c o’方壇（）（＇！’（~ (57）要約：カベクトル算出のための計算時間を短

M ! －－•－・ ι・ι；・；・：・ ｜ 縮する。光学式触覚センサを用いたカベクトル
型E I CJ 日 C C) 0 0 C C I 再構成法である。該弾性体の接触面に物体が接

S I ・・・・・・・－・ I 触した際の該有色マーカーの振る舞いを撮影し
石 I - .... I てマーカー画像を取得するステップと、該マ－
Q 力一画像から、求めたいカベクトルの個数より
わ司 も多い、マーカーの振る舞いに聞する情報を取

得するステップと、取得したマーカーの振る舞

含に一一跡…ことで的トル…して一一有し山一め
たい位置Pの近傍の領域A1のマーカーの振る舞いに関する情報のみを用いてカベクトルを算出する。
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SPECIFICATION 

九1ETH0DOF RECONSTRUCTING FORCE VECTOR USING OPTICAL TACTILE 

SENSOR 

FIELD OF THE INVENTION 

The present invention relates to an optical tactile sensor, and particularly to a 

method of reconstructing force vector using the optical tactile sensor. 

BACKGROUND OF THE INVENTION 

When considering understanding the contact state of a contact surface using a 

tactile sensor, there are vectors of three components representing magnitude and 

direction of force acting at each point of the contact surface. This is represented as 

f(x,y) in the coordinate system of Fig. I. Here, f is a vector, and so actually has three 

components x, y and z at each point. When explicitly expressing each component, it is 

represented as f(x,y) = [fx(x,y), fシ（x,y),fz(x,y)]. Since force distribution has three 

components at each contact point, in order to reconstruct force distribution for each 

contact surface using a tactile sensor, it is necessary to acquire information for each 

contact point on the contact surface with at least three degrees of仕eedom.

Some of inventors of the present invention et al. have proposed an optical 

tactile sensor that is capable of measuring three-dimensional force vector distribution. 

A principle of the optical tactile sensor will be explained based on Fig. 2. The optical 

tactile sensor comprises a transparent elastic body and a CCD camera. By 

photographing spherical markers 3, 4 embedded in the transparent elastic body by the 

CCD camera, internal strain information of the elastic body is measured when a force 

is applied on the surface of the elastic body, and force vector distribution is 

reconstructed from the information. 

By taking an image of the spherical markers by a CCD camera from 

z-direction where an elastic body surface is taken as the x-y plane and an orthogonal 
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direction to the x-y plane is taken as the z-axis, movement of a point to be measured 

when force is applied is measured as a movement vector in the x-y plane. However, it 

is difficult to reconstruct the force vector distribution from the strain information 

because an amount of information is insufficient. Therefore, N x N red spherical 

markers and blue spherical markers are aηanged at different depths in the elastic body 

as points to be measured to obtain two sets of two-dimensional movement vectors with 

different depths as two pieces of different information, thereby increasing the amount 

of information to reconstruct the force vector distribution. 

However, computation time required to obtain force vectors becomes long in 

proportion to four times the size (amount of information relating to behavior of 

markers) of the contact surface constituting the sensor surface. Thus, the computation 

time is longer with a larger contact surface, and there is a possibility of not being able to 

perform real time sensing. Also, even if the sensor surface has a relatively small surface 

area, if measurement density is high, the amount of information relating to behavior 

becomes high, time required for calculation of force vector distribution becomes long 

and it is not possible to perform real time sensing. Accordingly, when implementation 

and application of an optical tactile sensor are considered, shortening calculation time 

for obtaining force vector distribution is an important problem. 

Patent Reference: W002/18893Al 

An object of the present invention is to provide a technique for reducing 

computation time for force vector calculation, even in the event that a sensor contact 

surface comprises a large surface area or measurement density of the contact surface is 

high. 

SUMお1ARYOF THE INVENTION 

Technical means adopted by the present invention to achieve the object is 

characterized by a force vector reconstruction method that uses an optical tactile sensor. 

The method comprises a step of obtaining a marker image by taking an image of 

behavior of colored markers when an object contacts a contact surface of an elastic body, 

a step of obtaining information (for example, a movement vector, which is one example 
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of movement information of the marker) relating to the marker behavior from the 

marker image, the information being more than the number of force vectors to be 

obtained, and a step of obtaining force vectors as outputs by inputting obtained 

information relating to the marker behavior to a transfer function, wherein the step of 

obtaining the force vectors calculates force vectors omitting information relating to 

behavior of the marker that has low extent of contribution to force vector calculation. 

For example, if a distance between a force application point and a marker is a sufficient 

distance, in the force vector calculation, the effect of a marker distanced from the force 

application point is considered insufficient, and a distanced marker is considered to 

offer low level of contribution to force vector calculation. 

In one preferred aspect, a step of obtaining force vectors calculates force 

vectors using only information relating to behavior of markers in the vicinity of a 

position where it is desired to obtain force vectors. By using only marker information in 

the vicinity of a desired position, it is possible to make a matrix, which is a transfer 

function, compact. In the matrix, by making an element of the matrix reflecting marker 

information for a position greater than a particular distance from the desired marker 

zero, it is possible to lighten computation of the matrix. In another preferred aspect, the 

step of obtaining force vectors calculates force vectors omitting elements that are close 

to zero in elements of the matrix. In doing this, similarly, it is possible to lighten matrix 

computation. 

In another preferred embodiment, a position where force vectors are to be 

obtained are comprised of one or more sampling points, and in addition, a plurality of 

sampling points are arranged around sampling points constituting the position where 

force vectors are to be obtained. Force vectors acting at the plurality of force sampling 

points at and around the position where it is desired to obtain the force vectors are 

respectively calculated using information relating to marker behavior in the vicinity of 

the position. Only force vectors acting at the position where force vectors are to be 

obtained are adopted in the calculated force vectors. Preferably, the sampling points are 

more a汀angedsparsely as separation from the position where the force vectors to be 

obtained. 
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In another preferred aspect, a force vector reconstruction method comprises a step 

for obtaining a marker image by taking an image of behavior of colored markers when 

an object contacts a contact surface of an elastic body, a step of obtaining information 

relating to the marker behavior from the marker image, the information being more than 

the number of obtained force vectors, and a step of obtaining force vectors acting on the 

contact surface from obtained information relating to behavior of the markers and a 

transfer function, wherein the step of obtaining the force vectors comprises a step of 

setting a small region of a specified size in the marker image and arranging a plurality 

of force vector sampling points inside and outside the small region, a step of calculating 

force vectors acting on the plurality of sampling points from marker information inside 

the small region and the transfer function, and a step of adopting force vectors acting on 

at least some sampling points of the plurality of sampling points arranged inside the 

small region. Preferably, the sampling points are arranged densely inside the small 

region, and arranged sparsely with distance仕omthe small region. 

In one preferable aspect, the present invention is provided by the a force vector 

reconstruction device comprising: means for obtaining a marker image by taking an 

image of behavior of colored markers when an object contacts a contact surface of an 

elastic body; means for obtaining information relating to the marker behavior from the 

marker image, the information being more than the number of obtained force vectors; 

means for setting a small region of a specified size in the marker image and arranging a 

plurality of force vector sampling points inside and outside the small region; means for 

calculating force vectors acting on the plurality of sampling points by supplying marker 

information inside the small region to a transfer function; and means for adopting force 

vectors acting on at least some sampling points of the plurality of sampling points 

arranged inside the small region. 

Further, the present invention provides a program for causing a computer 

constituting a force vector reconstruction device as: means for obtaining a marker image 

by taking an image of behavior of colored markers when an object contacts a contact 

surface of an elastic body; means for obtaining information relating to the marker 

behavior 仕omthe marker image, the information being more than the number of 
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obtained force vectors; means for setting a small region of a specified size in the marker 

image and a汀anginga plurality of force vector sampling points inside and outside the 

small region; means for calculating force vectors acting on the plurality of sampling 

points by supplying marker information inside the small region to a transfer function; 

and means for adopting force vectors acting on at least some sampling points of the 

plurality of sampling points arranged inside the small region. 

An optical tactile sensor comprises a tactile portion comprised of a transparent 

elastic body and a plurality of groups of markers provided inside the elastic body, each 

marker group being made up of a number of colored markers, with markers making up 

different marker groups having different colors for each group. At least one of 

displacement, strain and inclination of the colored markers when the elastic body 

contacts an object is observed by photographing behavior of the colored markers. 

Strain information inside the transparent elastic body is detected from information 

about the behavior colored markers when a contact o句ecttouches the sensor, and the 

shape of the contact object calculated from strain information, and information about 

force acting on a contact interface (including both the elastic body surface and the 

contact object surface) are also detected. According to the present invention, it is 

possible to separately collect a plurality of types of information with a simple method 

called ”color coding", and it is possible to acquire a plurality of types of tactile 

information at the same time with an optical system. According to the present 

invention, independent observed information whose number is equal to or greater than 

the number of unknowns are collected using color coding, and it is possible to estimate 

and reconstruct force vectors by stably resolving an inverse problem. 

The colored markers are photographed by photographing device, in a 

preferred example, a CCD camera, and image processing is carried out by a processor. 

For example, an image at the time of body contact and an image of a previous 

condition (a condition where external force is not acting on the transparent elastic 

body) are compared, and movement information of markers (movement vector, for 

example) is detected. Alternatively, the markers are embedded in the transparent elastic 

body in such an a町angementthat they can not be recognized normally (in a state where 
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external force is not acting on the transparent elastic body), and a configuration is such 

that markers are recognized in response to displacement deformation and inclination of 

markers caused by strain in the vicinity of positions where each of the markers exist 

when an object contacts the transparent elastic body, and information is detected from 

the appearance of the colored markers. In another preferable aspect, the behavior of 

markers (step-like strip markers, for example) can be obtained by variance of marker 

intensity. 

The optical tactile sensor stores a transfer function by which force vectors or 

force vector distribution applied to the surface of the elastic body are reconstructed 

from infonnation (movement vectors of each marker when an object contacts the 

surface, for example) obtained by photographing device as to behavior of markers. The 

transfer function is a function that associates force information applied to the surface 

of the sensor with information as to the behavior of markers (movement vectors, for 

example). The image information of markers is obtained by photographing the colored 

markers when the object contacts the sensing surface of the elastic body, and the 

information as to the behavior of markers is obtained from the image information of 

markers. The force vector is obtained as an output by inputting the obtained 

information to the transfer白nction.The number of information as to the behavior of 

markers that is input to the transfer白nctionis more than the number of force vectors 

to be obtained. 

Methods for obtaining the matrix constituting the transfer function include 

computation based on the Theory of elasticity, actual measurement, and simulation. 

In one prefeηed aspect, the imaging device is a汀angedat a position opposite 

to the side of the transparent elastic body contacted by the object. Also, in the case 

where there exists a plurality of colored markers having different colors from each 

other, it is desirable to ca汀yout convenient processing after imaging by selecting only 

markers of a particular color and looking at them separately. Selection of a particular 

color marker is carried out by, for example, using a color filter. It is desirably to 

provide a light shielding layer on the sensing surface to stabilize an image of markers. 

An a汀angementof markers will be explained. In one prefe汀edembodiment, a 
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plurality of groups of markers are embedded in the transparent elastic body, each group 

of markers being made up of a large number of markers, markers constituting different 

marker groups having different colors for each group, and the marker groups having a 

different spatial aηangement. As an example of this differing spatial aηangement, a 

plurality of marker groups are arranged in a layered manner inside the elastic body. As 

an example of layered markers, the markers constituting the marker groups are 

microscopic spherical particles and the spherical markers constituting the marker group 

for each layer have different colors from each other. As another example of this 

differing spatial a汀angement,a plurality of marker groups are a汀angedso as to 

intersect each other. As still another example of this differing spatial a汀angement,each 

marker group is a plane group comprised of a plurality of planes extending in the same 

direction, and extending directions and colors thereof are different between each 

marker group. The shape of the colored markers is not particularly limited, and 

preferable examples can be spherical, cylindrical, columnar, strip shaped or flat. Detail 

description of the markers is described in W002/18893 Al and incorporated herein by 

reference. Further, the shapes and/or a汀angementsof markers are not limited to the 

drawings of the present application and W002/18893 Al. 

According to the present inventionラitis possible to make the size of a matrix, 

being a transfer function for calculating force vectors, smallラ andit is possible to 

shorten the computation time in calculating force vectors. It therefore becomes 

possible to carry out real time sensing even if a sensor is provided with a large area 

contact surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a view showing force vector distribution exerted between a tactile 

sensor and an object to be contacted. 

Fig. 2 is a drawing showing the principle of an optical tactile senso工 The

upper diagram is a plane view (CCD image) of a transparent elastic body, while the 

lower diagram is a side view of the transparent elastic body. The transparent elastic 

body has two kinds of marker groups embedded therein. When force is applied to the 
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transparent elastic body from beneath, the marker moves from what is shown in the left 

diagram to what is shown in the right diagram. 

Fig. 3 is a schematic drawing of an optical tactile sensor of the present 

invention. 

Fig. 4 is a diagram explaining a force vector applied to a contact surface (plane 

surface) and movement of the marker. 

Fig. 5 is a diagram explaining a force vector applied to a contact surface 

(arbitrary cu円edsurface) and movement of marker. 

Fig. 6 is an explanatory drawing of a method for obtaining a transfer function 

used in force vector distribution reconstruction. 

Fig. 7 is an explanatory drawing of a method of shortening computation time 

for force vector reconstruction. 

Fig. 8 is a drawing showing effect of force from outside an extracted region, the 

upper drawing being a side view of a transparent elastic body in which markers are 

embedded, the lower drawing being a plan view of the same. Here, since a distance 

between force sampling points is small compared to the extracted region, respective 

extracted regions for adjacent force sampling points are overlapped (refer to meshes 1, 

2 and 3). 

Fig. 9 is a concep旬aldrawing of an improved method of the computation 

shortening method. In the drawing, black circles and white circles represent force 

sampling points, and black circles represent computational results used after 

computation. 

Fig. 10 is a drawing showing an increased number of markers. 

Fig. 11 is a drawing showing an increased number of markers, in which 

movement of a marker caused relative to the force applied to one point is focused. 

Fig. 12 is a drawing for describing the speed increasing method shown in Fig. 7, 

based on Fig. 11. 

Fig. 13 is a drawing for describing an improved method, based on Fig. 11. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 
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[A] CONSTRUCTION OF OPTICAL TACTILE SENSOR 

Referring to Fig. 3, the construction of an optical tactile sensor of the present 

invention is shown. The sensor comprises a transparent elastic body 1 formed of a 

transparent elastic material and a curved surface 2, or a surface for sensing. The 

transparent elastic body 1 is provided with a plurality of colored markers 3, 4 

embedded in the transparent elastic body 1 in the vicinity of the surface 2 and along the 

curved surface 2. A tactile section is comprised of the transparent elastic body 1 and 

the colored markers 3, 4 arranged inside the elastic body. The transparent elastic body 

l is preferably made of silicone rubber, but it can also be made from another elastic 

material such as the other types of rubber or elastomer. 

The colored markers 3, 4 are comprised of two groups of colored markers and the 

two marker groups are embedded in different depths respectively from the surface 2. 

Colored markers 3 constituting one marker group and colored markers 4 constituting 

the other marker group have different colors to each other. For example, one marker 

group consists of a plurality of blue markers 3 and the other marker group consists of a 

plurality of red markers 4. 

When an object 5 comes into contact with the transparent elastic body 1, the 

colored markers 3, 4 provided inside the transparent elastic body 1 are moved due to 

the internal strain of the elastic body. The sensor is also provided with a camera 6 as a 

photographing device and a light source 7. The optical camera 6 is arranged at a 

position on an opposite side to where an object 5 touches so that the transparent elastic 

body 1 is provided between the optical camera 6 and the object 5, and behavior or 

movement of the markers 3, 4 is photographed by the camera 6. The light source 7 may 

transmit light through a waveguide such as an optical fiber for example. Images of 

markers 3, 4 obtained by the photographing device are transmitted to a computer 8 and 

the marker images are displayed on a display. The processor of the computer 8 

calculates the marker information (movement vectors as movement information, for 

example) regarding the behavior (displacement, strain or inclination) of markers. The 

processor reconstructs the distribution of forces applied to the surface 2 by an object 5 

using the marker information (movement information, for example) and a transfer 
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function that is stored in the memory device of the computer 8. 

A camera, as a photographing device, is a digital camera, namely a camera for 

outputting image data as electrical signals, and in one prefe汀edexample is a CCD 

camera. It is also possible to use, for example, a digital camera using a C-MOS type 

image sensor. If three types of markers are prepared in red, green and blue, there are 

two methods of perceiving these three colors individually. The first method is to use 

color filters for separation where each marker can be regarded as being individually 

photographed directly by looking at RGB output from the camera. The second method 

is a method where imaging elements perceive only light intensity and light sources of 

red green and blue are prepared. When red is shone, light is only reflected from the red 

markers while the red light is absorbed by the markers of the other two colors, and so 

the camera effectively only perceives the red markers. If this is also carried out at 

separate times for green and blue, information equivalent to that using the first method 

can be acquired. 

[B］孔1ETHODOF RECONSTRUCTING FORCE VECTOR DISTRIBUTION ON 

CONTACT SURFACE 

To obtain force vector distribution applied to a surface of the sensor from 

obtained information (movement vectors of markers, for example) as to behavior of 

markers by an optical tactile sensor, a transformation from information (movement 

information, for example) M as to the behavior of markers to force information F is 

required. The transformation from the marker information M to the force information F 

is obtained by an equation F=HM. Referring to Fig. 4 and Fig. 5, a method of 

reconstructing the force vector distribution from the marker information will now be 

described based on a method of obtaining the force vector distribution from the 

movement vectors of markers. Fig. 4 and Fig. 5 are substantially the same except that 

Fig. 4 shows a plane sensing surface while Fig. 5 shows an arbitrary curved sensing 

surface. Here, though, for the pu中oseof simplification, only two-dimensional section 

(y-axial direction is omitted) is considered, an algorithm is the same for a general 

three-dimensional space. 

Reference f refers to a force vector applied to a contact surface, and 
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references m and n refer to a movement vector of a blue marker and movement vector 

of a red marker in the CCD element. Discrete finite points (four points in Fig. 4 and 

Fig. 5) are considered. As foregoing, force vector distribution has three components (x 

component, y component and z component), but only two components (x component 

and z component) are considered. Generally, taking an image by a camera means a 

projection of a three-dimensional object to a pixel plane of a two-dimensional plane so 

that marker movements only in the horizontal direction (x component and y 

component) are projected in the plane. Here, marker movement only in x direction 

component is observed. 

Here, eight components, f=[fx(l ), fx(2), fx(3）ラ fx(4),fz(l），白（2),fz(3），白（4)] 

are force vector distribution to be obtained, where m=[m(l), m(2), m(3), m(4)] and 

n=[n(l), n(2), n(3), n(4)] are movement vectors to be measured. The vectors m and n 

are represented as X. Namely, X=[m(l), m(2), m(3), m(4), n(l), n(2), n(3), n(4)]. Here, 

movement vectors m and n that are observed when a unit force (magnitude of 1) in the 

x-direction is applied to a point 1 are represented as Mx(l). 

Namely, Mx(l)=[m(l), m(2), m(3), m(4), n(l）ラn(2),n(3), n(4)] when f=[l, 0, 0, 

0, 0ラ0,0, OJ. Similarly, a movement vector of each marker when a unit force in the 

z-direction is applied to a point 1 are represented as Mz(l ), a movement vector of each 

marker when a unit force in the x-direction is applied to a point 2 are represented as 

Mx(2), and so on. In case of a linear elastic body where linear summation relationship 

holds between applied forces and strains (most elastic bodies meet this characteristics), 

movement vectors are represented as 

X=Mx(l) x fx(l) + Mz(l) x fz(l) + Mx(2) x fx(2)+ ... +Mz(4) x fz(4), 

when general forces 宇［fx(l）ラfx(2）ラfx(3）ラfx(4),fz(l）企（2）立（3),fz(4）］訂egiven. 

Conversely, the fact that the movement vectors can be represented as foregoing means 

that supe中ositionof forces holds, therefore, the elastic body is a linear elastic body. 

羽司1enthe equation is represented as a matrix form, X = H x f, where 

H=[Mx(l); Mx(2); ... ; Mz(4)]. The H is called a transfer function because the H is a 

map that transfers a force f to deformation x. The matrix form written with an element 

is the following. 
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Hmz(l,1) Hmx(l,2) Hmz(l,2) Hmx(l,3) Hmz(l,3) Hmx(l,4) Hmz(l,4)lfx(1) 
Hmz(2,1) Hmx(2,2) Hmz(2,2) Hmx(2,3) Hmz(2,3) Hmx(2,4) Hmz(2,4) I fz(l) 
Hmz(3,1) Hmx(3,2) Hmz(3,2) Hmx(3,3) Hmz(3,3) Hmx(3,4) t加 z(3,4)11 rx(2> 
Hmz(4,l) Hmx(4,2) Hmz(4,2) Hmx(4,3) Hmz(4,3) Hmx(4,4} H皿z(4,4) 11 fz(2) 
盟国（1,1) Hox(l,2) Hnz(l,2) Hox(l,3) E田（1,3) Hnx(l,4) Hnz(l,4) II fx(3) 
Hnz(2,1) Hnx(2,2) Hnz(2,2) Hnx(2,3) Hnz(2,3) Hnx(2,4) 盟国（2,4)I rz(3) 
Hnz(3,1) Hnx(3,2) Hnz(3,2) Hnx(3,3) 盟国（3,3) Hnx(3刈 Hnz(3,4) 11 rx( 4) 
Hnz(4,l) H回（4,2) H回（4,2) Hnx(4,3) Hnz(4,3) Hnx(4,4) H田（4,4)!Lf:z(4) 

where Hmx(xl, x2) represents a displacement amount in x-direction of m marker in a 

certain depth at a coordinate x=xl with a unit force in the x-direction applied to a 

surface at a coordinate x=x2. Similarly, Hnz(xl, x2) represents a displacement amount 

in z-direction of n marker in a certain depth at a coordinate x=x 1 with a unit force in 

the z-direction applied to a surface at a coordinate x=x2. 

This is a simple multiplication of matrices where reference x is 1 x 8 matrix 

reference H is 8x8 square matrix, and reference f comprises 1 x 8 components. Thus, f 

can be obtained from observed x by multiplying an inverse matrix of H. Namely, f = 

inv(H) x X Equation 1 where inv represents inverse matrix (generalized matrix 

inverse). 

The matrix form written with an element is the following. 

Imx(l,1）泊五（2,1)Imx(3,1) Imx(4,1) I回（1,1)In玄（2,1)Inx(3,1) Inx(4,1) m(l) 

I :::~~ Imz(l,2) Imz(2,2) Imz(3,2) Imz(4,2} lnz(l,2) Inz(2,2) Inz(3,2) Inz(4,2) m(2) Imx(l,3) Im玄（2,3）加x(3,3)Imx( 4,3) Inx(l,3) Inx(2,3) Inx(3,3) h玄（4,3)m(3) 

Imz(l,4) lmz(2,4) Imz(3刈 lmz(4,4) Inz(l,4) Inz(2,4) Inz(3,4) Inz(4,4) m(4) 

Im玄(1,1)Imx(2,1) Imx(3,1) Imx( 4,1) Inx(l,1) lnx(2,1) I回（3,1)Inx( 4,1) n(l) 

lmz(l,2) Imz(2,2) Imz(3,2) Imz(4,2) Inz(l,2) Inz(2,2) lnz(3,2) Inz(4,2) n(2) 

Imx(l,3) Imx(2,3) lmx(3,3) Imx(4,3) h玄（1,3)In玄（2,3)h以3,3）担割4,3) n(3) 

Imz(l,4) Imz(2,4) Imz(3,4) Imz(4,4) lnz(l,4) Inz(2,4) Inz(3,4) Inz(4,4) n(4) 

where Imx(l, 1) and the like represent each element of inv(H) and represent 

contribution of m(l) for calculating fx(l ). 

The important thing is that the number of observed data must be equal to or 

more than the number of unknowns when determining unknowns by using an inverse 

matrix defined by a transfer function. If the requirements are not met, it is quite 

difficult to obtain the inverse matrix, namely, the number of unknowns is redundant 

and the unknowns cannot be precisely obtained. In the example shown in Fig. 4, if 
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there is only one marker layer, force vector components cannot be precisely 

determined because only four movement vector components are observed whereas 

distribution of eight force vectors is to be obtained (this is the case with the 

conventional surface distribution type tactile sensor). To solve this problem, the 

present invention employsれ,VOlayers of differentially colored marker groups so as to 

increase the number of independent observed data up to eight by observing a 

movement of each marker in the two layered marker groups. 

In case of three-dimensional space (where y-axis is added to the drawing), at a 

point, a force vector has three degrees of freedom, and a horizontal movement vector 

of markers has two degrees of freedom. If the number of sampling points is four, the 

number of unknowns f is twelve, 

where ト［fx(l),fシ(1),fz(l), fx(2), fシ（2),fz(2), fx(3), fy(3), fz(3), fx(4), fシ（4),fz(4)], 

whereas the number of observed movement vectors is eight and is insufficient, 

where m = [mx(l), my(l), mx(2), my(2), mx(3), my(3), mx(4), my(4)]. 

By providing two layered markers, it is possible to obtain sixteen observed data 

by observing the layered markers and to determine twelve unknowns. Due to 

redundancy in the number of obtained information, robust extrapolation can be 

performed. Using the foregoing algorithms, the force vectors are extrapolated from the 

CCD image. Even with other measurement methods of the present invention using 

other types of marker configurations, independent observed information whose number 

is equal to or greater than the number of unknowns are collected using color coding, 

and it is possible to estimate and reconstruct force vectors by stably resolving an 

inverse problem. 

[C] TRANSFER FUNCTION FOR RECONSTRUCTil吋G FORCE VECTOR 

DISTRIBUTION 

From the foregoing description, it is essentially important for the optical tactile 

sensor of the present invention to obtain the transfer function (matrix H) representing 

the relationship between the surface stress and the internal strain of the elastic body. In 

this regard, the present optical tactile sensor is inherently different than the 



CA 02538007 2006-03-06 

14 

conventional matrix-type tactile sensors. Though the conventional matrix-type tactile 

sensor (the sensor by Shimojo, for example) comprises an elastic body layer provided 

on a sensor element, it only measures a force applied to each a汀ayedsensor element 

and does not calculate force vector distribution applied on an elastic body surface. 

Next, a method of obtaining the transfer function will be described. Theory of 

elasticity basically leads an equation that holds between a force applied to a surface 

(x=O, x y=O, y z=O, z) of an internal microscopic region (a micro cube x y 

z, for example) and strain of the microscopic region (d x/dx, d y/dx, d z/dx, d 

x/dy, d y/dy, d z/dy, d x/dz, d y/dz, d y/dz). An overall elastic body is 

comprised of (spatially integrated) infinite number of the microscopic regions. 

In an elastic body having a characteristic shape (a semi-infinite elastic body, for 

example), as a function defining a force applied to a surface and an internal strain, a 

function where the foregoing equation held in the microscopic region can hold in any 

regions of the internal portion of the elastic body has been found as a numerical 

equation. In this case, a matrix H can be obtained by substituting coordinates of finely 

divided elastic body surfaces and coordinates of internal markers into the function. 

Here, the numerical equation is a function G by which the internal strain can be 

obtained from the surface stress in the form of m(x2, y2) = G(f(xl), x2, y2), where 

f(xl) represents surface stress and m(x2, y2) represent internal strain. For example, 

when a force is applied to a point 1 in Fig. 4, displacement of marker 2 can be obtained 

by m(2, y2) = G(f(l), 2, y2), where y2 is a known marker depth. 

However, such characteristic shape is rare, for example, even with a spherical 

body, a function for the relationship between surface stress and internal strain has not 

been found. According to the related optical tactile sensor, a matrix H is obtained using 

the foregoing equation assuming that an elastic body is a semi-infinite elastic body. It 

is found that surface stress cannot be correctly obtained when the equation for 

semi-infinite elastic body is applied for an arbitrary curved surface such as a 

hemispherical surface. It is therefore necessary to associate a surface stress with an 

internal strain by any other means. 

A first method is to associate a surface stress with an internal strain by 
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numerical simulation. According to a commercially available elasticity simulation 

software, by dividing an elastic body into meshes, it is possible to numerically 

calculate elastic deformation that holds for the relationship between surface stress and 

strain of each mesh (above-mentioned microscopic region) and the relationship 

between the adjacent meshes where forces having the same magnitude are exerted at 

an interface. Therefore, by dividing the surface of the sensor into meshes, it is possible 

to calculate the movement amount of markers when a unit force is applied to each 

mesh in x-direction, y-direction and z-direction by simulation. 

A second method is to actually apply a force to the surface as shown in Fig. 5. 

Forces Fl, F2ラ F3,F4 ... , Fn having known magnitude are applied to an arbitrary 

curved surface of elastic body. Movement vectors (Movements of markers caused by 

each known force) Ml, M2, M3, M4, .. , Mn of markers as to each force applied are 

measured and stored. F 1 represents three vectors F 1 x, Fly, F 1 z and movement vectors 

of respective markers are given as M 1 x, M 1 y, M 1 z when these forces are applied. A 

matrix H is obtained 合omthe forces having known magnitude and obtained 

information (movement vector). The second method will be explained in detail. 

Firstly, numerous sampling points are discretely a汀angedon the surface of 

elastic body. In one preferable aspect, the sampling points are a汀angedso as to cover 

an overall area of the surface. In one aspect, numerous discrete sampling points are 

arranged (concentrically arranged in plan view) according to curvilinear coordinates. 

In another aspect, the sampling points are a汀angedto provide a grid a汀angementin a 

plan view. 

At each sampling point, information that associates forces having known 

magni加deapplied in x-direction, y-direction, and z-direction with co灯esponding

movement vectors of markers when the forces are applied is obtained. In one 

preferable method, forces having the predetermined magnitude are independently 

applied to each sampling point in x-direction, y-direction and z-direction, and each 

movement vector of markers is measured and stored. Orientations of x-direction, 

y-direction and x-direction of force vectors applied on the sampling points are not 

limited as long as an arbitrary force applied to the surface can be represented by using 
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these force vectors. 

In one aspect, a tangential plane is provided at a sampling point, x-direction 

and y-direction are determined in the orthogonal direction to each other in the plane, 

and z -direction is determined in an orthogonal direction as to the plane. Alternatively, 

x-y plane is set regardless of the shape of surface, and z-direction is set in an 

orthogonal direction as to the x-y plane. 

Forces applied to each sampling point have known magnitude, and in one 

preferable aspectラaforce with constant magnitude, 100 [gf] for example, is applied to 

the sampling point in x-direction, y-direction, and z-direction, respectively and 

movement vectors of each instance are measured. It is not necessary that forces applied 

to each sampling point have the same magnitude as long as the magnitude of each 

force is known. Movement vector of markers may be measured based on forces having 

different magnitudes, and later on, the magnitude of movement vector can be 

normalized. 

As long as information that associates forces in x-direction, y-direction, and 

z-direction with movement vectors of markers eventually is obtained, directions of 

forces applied to each sampling point are not limited to x-direction, y-direction and 

z-direction. Assume that an elastic body is a linear elastic body, the following method 

is also considered. First, applying a force to a point in z-direction, and a movement 

amount of each marker is measured and stored. Next, applying a force to the point in 

xy-direction, and a component in x-direction can be obtained by subtracting the force 

component in z-direction from the x-z component. This is the same for they-direction. 

As foregoing, the matrix H can be obtained by simulation or measurement 

where the matrix H is the transfer function that associates force information F with 

information Mas to the behavior of marker (movement information, for example). The 

optical tactile sensor comprises a memory device and a processo工 Thematrix H 

obtained is stored in the memory device. A marker image is obtained by a 

photographing device when an object contacts the transparent elastic body and an 

arbitrary force is applied to a surface of a sensor. A movement vector of marker is 

measured from the obtained marker image by the processor. The measured movement 
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vector of marker is input to the matrix H and calculated by the processor.句 thereby

outpu口ingforce vector that is applied to the surface of the elastic body. 

[D] COMPUTATION TIME REDUCTION METHOD 

Here, if the number of elements of a matrix H becomes large, the time for 

calculating force distribution from movement information becomes long. This is due to 

use of movement information for all markers when obtaining force applied to a 

particular point. In actual fact, in the case of adopting the previously described 

algorithm, the H matrix becomes gigantic, and time is taken in matrix operation for 

equation 1. Giving one example, in the case of a mesh of 100 x 100, there are 10,000 

observation points which means that H matrix becomes a gigantic matrix of l 0,000 x 

10,000. Generally, in the case of a sensor surface partitioned into N x N, since the 

number of observation points are N squared, the size of the H matrix becomes N 

squared by N squared. Thus, time of four times N is taken for matrix operation of 

equation 1. Accordingly, it becomes necessary to have a method for shortening the 

computation time. 

The proposed method extracts a part of the H matrix and utilizes the same. As 

described above, a coηespondence relationship for force applied to all lattice points and 

movement of all markers is described in the H matrix. However, as an actual problem, 

for example, it is possible to ignore the e百ectof marker provided that a distance 

between the force application points and the marker is sufficient. If this is done, for 

example, in Fig. 4 and Fig. 5, by assuming that it is acceptable to use only first to 

second markers in calculating f(l), and to use only first to third markers in calculating 

f(2）ラ itis possible to make the size of the matrix small. A new matrix in this example is 

as follows. 

Original equation 1 f=inv(H) xis as follows: 
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fx(l) Im玄（1,1)Imx(2,1) Imx(3,1) Imx(4,1) I回（1,1)h玄（2,1)In玄（3,1)In:x( 4,1) m(l) 

fz(l'〕 Imz(l,2) Imz(2,2) lmz(3,2) Im:z(4,2) lnz(l,2) Inz(2,2) lnz(3,2) lnz(4,2) m(2) 
fx(2〕 Imx(l,3）加玄（2,3)Imx(3,3) Imx(4,3) Inx(l,3) ln..-,:(2,3) Inx(3,3) Inx(4,3) m(3) 

Imz(l,4) Imz(2,4) Imz(3,4) Imz(4,4) Inz(l,4) Inz(2,4) Inz(3,4) ln:z(4,4) m(4) 
一Imx(l,1) Imx(2,1) lmx(3,1) Imx(4,1) In玄（1,1)Inx(2,1) I回（3,1)I回（4,1) n(l) 
Imz(l,2) lmz(2,2) Imz(3,2) Imz(4,2) lnz(l,2) lnz(2,2) lnz(3,2) Inz(4,2) n(2) 

Imx(l,3) Imx(2,3) Imx(3,3) Imx(4,3) In玄（1,3)lnx(2,3) lnx(3,3) Inx( 4,3) n(3) 

Imz(l刈加z(2,4)Imz(3,4) Imz(4,4) Inz(l,4) lnz(2,4) Inz(3,4) lnz(4,4) n(4) 

This equation becomes an equation as follows by ignoring contribution at places 

separated by distance. 

fx(l) Imx(l,1) Imx(2,1) 。 。 h玄（1,1)lnx(2,1) 。 。m(l) 
fz(l) lmz(l,2) Imz(2,2) lmz(3,2) 。 lnz(l,2) Inz(2,2) Inz(3,2) 。m(2) 
fx(2) 。 Imx(2,3) lmx(3,3) Imx(4,3) 。lnx(2,3) In:x(3,3) lnx( 4,3) 皿（3)
; fz(2) 。 。 Imz(3,4) Imz( 4,4) 。 。Inz(3,4) Inz( 4,4) m(4) 
一fx(3) Im玄（1,1)Im玄（2,1) 。 。 lnx(l,1) I出（2,1) 。 。n(l) 

fz(3) Imz(l,2) Imz(2,2) lmz(3,2) 。 Inz(l,2) lnz(2,2) Inz(3,2) 。n(2) 
fx(4) 。 Im玄（2,3)lmx(3,3) Imx(4,3) 。I回（2,3)Inx(3,3) In:x( 4,3) n(3) 
fz(4) 。 。 lmz(3,4) Imz( 4,4) 。 。lnz(3,4) lnz(4,4) n(4) 

Places with zero are points separated by distance that should be ignored. Calculation at 

higher speed can be effectuated because there is no need to compute them. This speed 

increase provides an accelerated effect as the lattice size N becomes larger, as 

described previously. 

This is equivalent to using an extracted surface area containing a place where it 

is desired to obtain force vectors. In Fig. 7, P is a place where it is desired to obtain a 

force vector, and the circle region A 1 is an area of markers used to obtain force vectors. 

With the situation in the drawing, in a two dimensional image of the entire contact 

surface, a region in the vicinity of a place where it is desired to obtain force vector 

distribution is set. Here, in the event that a region in the vicinity of a place where it is 

desired to obtain force vectors is set, the neighboring region is not necessarily 

determined based on only a distance in the two dimensional image. Namely, a distance 

between force application points and a marker is a spatial distance, and in cases such as 

where marker groups are layered inside an elastic body, there may be cases where it is 

desirable to consider depth with the marker is provided. Specifically, in a sensor 
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having a planar contact surface, if the contact surface is the x-y plane, a neighboring 

region to the place where it is desired to obtain force vectors is not necessarily 

determined using only the distance on the x-y plane, and it is also possible to determine 

with a three dimensional distance including the z direction. If there is a case where the 

z direction distance can be ignored, the proximate region can be set based on the two 

dimensional distance on the x-y plane. 

In the case of a contact surface having an arbitrary curved surface, contribution 

of places separated by a distance is not always small. Therefore another method of 

shortening computation time is proposed. First of all, a transfer function (an inverse 

matrix) is obtained by actual measurement or simulation. A method for producing this 

type of transfer function has already been described. For example, when looking at 

elements of a matrix for a transfer白nctionbased on actual measurement, if a 

particular element of the matrix approaches zero, a marker corresponding to the 

element can be considered to be a marker that can be ignored for the pu中oseof 

obtaining a particular force vectoιIt is possible to compute the force vector with 

sections where the particular element of the matrix of the transfer unction approaches 

zero automatically omitted from the computation. For example, a threshold 

representing an index of the extent to which it is possible to ignore in force vector 

reconstruction is set for the matrix elements, and the value of matrix elements having a 

value smaller than the threshold value are made zero. 

Further, improvement for the computation shortening method will be described. 

The inventors have undertaken committed researchラanin the case of using the above 

described computation shortening method, it was understood that there were cases 

where precision of measuring force vectors was lowered. According to the above 

described computation shortening method, it is considered that computation is hardly 

affected by movement of a marker separated from a point where it is desired to obtain 

a force. Only information for a marker inside a circle region Al extracted in Fig. 7 is 

used, and information relating to a marker of a section A2 outside the extracted region 

is not used. 

Nevertheless, in actual fact, a marker inside an extracted region also moves due to 
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force outside the extracted region. Movement of the marker due to force from outside 

the extracted region is also mistakenly calculated as force generated inside the region, 

causing a problem of drop in precision. In order to solve this type of drawback, the 

following method has been improved. 

With respect to the point of extracting a particular region of the image, it is the 

same as for the foregoing computation shortening method. The foregoing method deals 

with only information inside the extracted region while the improved method provides 

sampling points outside the extracted region for force to be computed. With respect to 

movement of the marker, only information inside the extracted region is handled. The 

sampling points are points for taking into consideration the effect of force from the 

outside region. That is, movement of a marker inside the extracted region can be 

affected to a certain extent by force applied outside the extracted region. At the time of 

reconstructing force vectors based on movement information of markers inside the 

extracted region, by computing not only force acting inside the extracted region force 

but also force acting outside the extracted region, force acting inside the extracted 

region is reconstructed while taken into consideration force acting outside the extracted 

region. 

Also, force sampling points outside the region are set sparsely with distance 

from the extracted region. This is because it is considered that representation is 

possible with fewer sampling points because the effect with becomes slighter with 

increased distance of separation from the region. If description is given based on Fig. 9, 

a small region corresponding to sampling points of 5 x 5 points is set in an image of a 

tactile sense section. Sampling points are set densely inside the small region. Sampling 

points for force are also arranged outside the small region. Sampling points for force 

outside the small region are a汀angedmore sparsely with distance from the small 

region. With the example in the drawing, at sites close to the small region, sampling 

points are arranged densely, at the same density as inside the small region, and as 

separation仕omthe small region increases, the sampling points are arranged more 

sparsely. 

Then, force vectors for sampling points arranged inside and outside the small 
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region are calculated using movement information of markers inside the small region. 

Of the calculated force vectors, only the results for at least some of the force vectors 

inside the small region are adopted and saved as final computation results. With the 

example in Fig. 9, force vectors for sampling points for force arranged 3 x 3 inside the 

small region of 5 x 5 are saved as final calculation results. Sampling points outside the 

small region and sampling points not adopted inside the small region are discarded. 

The extracted small region is then sequentially shifted as obtaining force vectors for 

the region, so that force vector distribution for the entire measurement region of the 

sensor is obtained. In Fig. 9, force vectors for a part of sampling points of the small 

region are utilizedうbutit is also possible to utilize force vectors for all sampling points 

inside the small region. Also, in Fig. 9, force vectors for a plurality of sampling points 

for a part of the small region are utilized, but it is also possible to utilize only force 

vectors for one sampling point inside the small region. In Fig. 9, a small region of 5 x 5 

points is shown, but the size of the extracted region is not limited. Using this improved 

method, compared to the above described computation shortening method, the amount 

of computation may be increased but there is sufficient shortening of the computation 

time compared to before adopting a speed increasing method. 

Description will be given for an improved method, based on Fig. IO to Fig. 13. 

With Fig. 10, for ease of description of the improved method, the number of marker 

points is increased compared to that shown in Fig. 4 and Fig. 5. Due to the increased 

number of marker points, there is a coηesponding increase in the number of elements in 

the equations, and for that reason, in Fig. 11, only x, z directional movements for a 

marker n corresponding to force for one particular point is shown. This is equivalent to 

a situation where only sections corresponding to elements Imx(l,l), Imx(2,1), Imx(3,l), 

Imx(4,1), Imx(l,2), Imx(2,2), Imx(3,2) and Imx(4,2) of matrix inv(H)in equation 3 are 

extracted and the number of marker points is increased. This becomes as follows when 

represented as an equation. F on the left side represents force, while m on the right side 

represents movement vector, and the left term of the right side represents elements 

extracted from inv(H) corresponding to force F on one particular point and marker m. 
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The speed increasing method before improvement uses only movement 

information of markers that exists close to points to which force being obtained is 

applied, and as shown in Fig. 12, only movement information for markers m10 to m14 is 

used. Represented as an equation this then becomes as follows. 
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Movement information for markers of from m1 to m9 and from m1s to m23 in the above 

equation do not contribute to force F being obtained, and as described in the following, 

it is possible to reduce the number of elements. 
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In this respect, if the speed increasing method after improvement is illustrated, 

it is as shown in Fig. 13. That is, not only F 8, but also F 2, F s, F 9, F 11 and F 14 are a汀anged

as force sampling points. Also, if shown as an equation, there is an increase in elements 

related to force F, and it is possible to represent as follows. 
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In the computed force vectors, only force vectors白rF xs and F zs are utilized. 

E吋DUSTRI CAL APPLICABILITY 

The present invention can be applied widely to tactile sensors, and in particular 

can be preferably used in a sensor that requires real time sensing. 
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CLAIMS 

1. A force vector reconstruction method that uses an optical tactile sensor, said 

sensor having a tactile portion comprising a transparent elastic body and a plurality of 

marker groups provided in said body, each marker group being comprised of a number 

of colored markers, with markers constituting different marker groups having different 

colors for each group, said method comprising the steps of: 

obtaining a marker image by taking an image of behavior of colored markers when 

an object contacts a contact surface of the elastic body; 

obtaining information relating to the marker behavior 企omthe marker image, said 

information being more than the number of force vectors to be obtained; and 

obtaining force vectors as ouゆutsby inputting said obtained information relating 

to the marker behavior to a transfer function, 

wherein said obtaining force vectors calculates force vectors omitting information 

relating to behavior of the marker that has low extent of contribution to force vector 

calculation. 

2. The method of claim 1, said obtaining force vectors comprising calculating force 

vectors using only information relating to behavior of markers in the vicinity of a 

position where it is desired to obtain force vectors. 

3. The method of claim 2, wherein said position comprises one or more sampling 

points. 

4. The method of claim 3, said method further comprising the steps of: 

arranging a plurality of sampling points around said position; 

obtaining force vectors acting at the sampling points at and around said position 

using information relating to marker behavior in the vicinity of said position; and 

adopting only force vectors acting at said position in the calculated force vectors. 
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5. The method of claim 4, wherein the sampling points are a汀angedmore sparsely as 

separation from said position. 

6. The method of claim 1, wherein said obtaining force vectors comprising calculating 

force vectors omitting elements that are close zero in elements of the matrix. 

7. The method of any one of claim 1 to 6, wherein said transfer function is made 

based on actual measurement. 

8. A force vector reconstruction method that uses an optical tactile sensor, said sensor 

having a tactile portion comprising a transparent elastic body and a plurality of marker 

groups provided in said body, each marker group being comprised of a number of 

colored markers, with markers constituting different marker groups having different 

colors for each group, said method comprising the steps of: 

obtaining a marker image by taking an image of behavior of colored markers 

when an object contacts a contact surface of the elastic body; 

obtaining information relating to the marker behavior from the marker image, 

said information being more than the number of force vectors to be obtained; 

setting a small region of a specified size in the marker image and arranging a 

plurality of force vector sampling points inside and outside the small region; 

calculating force vectors acting on the sampling points by supplying marker 

information inside the small region to a transfer function; and 

adopting force vectors acting on at least some sampling points of the plurality 

of sampling points arranged inside the small region. 

9. The method of claim 8, wherein the sampling points are arranged densely inside 

the small region, and a町angedsparsely with distance from the small region. 

10. A force vector reconstruction device that uses an optical tactile sensor, said 

sensor having a tactile portion comprising a transparent elastic body and a plurality of 
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marker groups provided in said body, each marker group being comprised of a number 

of colored markers, with markers constituting different marker groups having different 

colors for each group, said device comprising: 

means for obtaining a marker image by taking an image of behavior of 

colored markers when an object contacts a contact surface of the elastic body; 

means for obtaining information relating to the marker behavior from the 

marker image, said information being more than the number of force vectors to be 

obtained; 

means for setting a small region of a specified size in the marker image and 

a汀anginga plurality of force vector sampling points inside and outside the small region; 

means for calculating force vectors acting on the sampling points by 

supplying marker information inside the small region to a transfer function; and 

means for adopting force vectors acting on at least some sampling points of 

the plurality of sampling points arranged inside the small region. 

11. The device of claim 10, wherein the sampling points are arranged densely inside the 

small region, and arranged sparsely with distance from the small region. 

12. The device of clam 10 or 11, wherein said device comprises means for storing the 

transfer function. 

13. In a force vector reconstruction device that uses an optical tactile sensor, said 

sensor having a tactile portion comprising a transparent elastic body and a plurality of 

marker groups provided in said body, each marker group being comprised of a number 

of colored markers, with markers constituting di百erentmarker groups having different 

colors for each group, a program for causing a computer constituting said force vector 

reconstruction device as: 

means for obtaining a marker image by taking an image of behavior of 

colored markers when an object contacts a contact surface of the elastic body; 

means for obtaining information relating to the marker behavior from the 
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marker image, said information being more than the number of force vectors to be 

obtained; 

means for setting a small region of a speci白edsize in the marker image and 

arranging a plurality of force vector sampling points inside and outside the small region; 

means for calculating force vectors acting on the sampling points by 

supplying marker information inside the small region to a transfer function; and 

means for adopting force vectors acting on at least some sampling points of 

the plurality of sampling points aηanged inside the small region. 

14. The program of claim 13ラsaidprogram further causing said computer to aηange 

sampling points densely inside the small region and to a汀angesampling points sparsely 

with distance from the small region. 
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ABSTRACT 

The invention relates to a technique for reducing computation time for force 

vector calculation. A force vector reconstruction method that uses an optical tactile 

sensor, comprises a step for obtaining a marker image by taking an image of 

behavior of colored markers when an object contacts a contact surface of an elastic 

body, a step of obtaining information relating to the marker behavior from the marker 

image, the information being more than the number of force vectors to be obtained, 

and a step of obtaining force vectors as outputs by inputting information relating to the 

obtained marker behavior to a transfer function. The step of obtaining force vectors 

comprises calculating force vectors using only information relating to behavior of 

markers neighboring region Al of a position A where it is desired to obtain force 

vectors. 
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(54) 광학식 촉각센서를 이용한 힘벡터 재구성 방법

요약

힘벡터 산출을 위한 계산시간을 단축시킨다. 광학식 촉각센서를 이용한 힘벡터 재구성 방법이다. 탄성체의 접촉면에 물체

가 접촉한 때의 유색마커의 거동을 촬영하여 마커화상을 취득하는 단계와, 상기 마커화상으로부터 구하려는 힘벡터의 갯

수 보다도 많은 마커거동에 관한 정보를 취득하는 단계와, 취득한 마커의 거동에 관한 정보를 전달함수로 입력하는 함으로

서, 힘벡터를 출력하여 얻는 단계를 구비하고, 힘벡터를 구하려는 위치(P) 근방의 영역(A1)의 마커의 거동에 관한 정보만

을 이용하여 힘벡터를 산출한다.
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